The effect of silicon-carbide fine particle bombardment (FPB) was examined as an easy way to improve the adhesion of diamond-like carbon (DLC) films to a substrate. DLC films were deposited on FPB-treated substrates by plasma-based ion implantation and deposition (PBIID) using CH 4 and C 2 H 2 as reactant gases. The adhesion force between the film and substrate was evaluated using the critical load as determined by scratch testing. The FPB treatment improved the adhesion about five times and clearly reduced the wear area of the films. Investigation of the reasons for its effectiveness showed that increased surface roughness accounted for about 67% of the improvement, that increased residual stress of the substrate accounted for about 23%, and that an increased ratio of embedded silicon accounted for about 10%.
Introduction
Diamond-like carbon (DLC) films are widely used in various manufacturing areas, especially for mechanical applications, because of their excellent tribological properties, i.e., their low friction and high durability when placed between sliding surfaces. DLC films have been applied to cutting tools (1, 2) and magnetic recording discs and heads (3, 4) , resulting in longer lifetimes. The use of DLC films in automotive parts, such as valve lifters, clutches, has received considerable attention (5) (6) (7) , and research has shown that vehicles with parts made using DLC film have much better fuel economy than the ones that do not. Because DLC films are amorphous and have large compressive residual stress, cracks and interfacial delaminations often form between the film and substrate. Many different methods for preprocessing the substrate surface have been investigated in an effort to improve the adhesion of the film to the substrate. For example, an intermediate layer is deposited before the DLC film is deposited; this technique is currently used in several fields (8, 9) . However, such preprocessing techniques take time and increase production cost.
Therefore, easier and more cost-effective preprocessing techniques are needed.
Fine particle bombardment (FPB) treatment has received considerable attention since the late 1990s (10) (11) (12) because FPB can be easily modified to induce surface hardening, resulting in highly durable sliding surfaces. Treatment involves using highly compressed air to bombard fine metal particles (< φ200 µm) onto the substrate surface. It has been reported that FPB improves the tribological properties of the subsequently deposited DLC film due to the surface hardening effect (13) . However, its effectiveness has not yet been quantified.
We have investigated the effectiveness of FPB as a preprocessing technique for DLC deposition in improving film adhesion. We used silicon-carbide (SiC) fine particles (< φ50 µm) as the bombarded material and well-tempered steel as the substrate material because of its wide use in mechanical applications. SiC FPB treatment is expected to improve film adhesion due to three unique properties of FPB treatment: a surface-hardened layer can be easily formed, a thin embedded silicon-containing layer can easily be formed on the substrate surface, and the substrate can be finely roughened. We focused on these properties and quantified their contributions to improved adhesion.
Improved DLC Film Adhesion with FPB Treatment

Samples and Deposition Procedure
We prepared several well-tempered JIS-SKD11 steel substrate samples by hand polishing them with a paste containing 3-µm diamond particles. The samples had a diameter of 22 mm, a thickness of 4.5 mm, and a hardness of about 580 Hv. Some surfaces of samples were then treated by SiC FPB under the conditions listed in Table 1 . The average diameter of the SiC particles was about 40 µm.
After the FPB treatment, the substrates were cleaned by ultrasonically with acetone for ten minutes, and DLC film was deposited on the surface of each substrate using a plasma-based ion implantation and deposition (PBIID) method. The equipment used for this included a vacuum chamber (diameter: 650 mm and height: 450 mm) and a turbo-molecular pump. Five different reactant gases were applied to the surface during deposition. Argon and hydrogen plasma gases were initially applied to clean the surface. This removed any contamination from the surface without increasing the surface roughness. Nitrogen gas was then applied as a nitriding pretreatment to harden the surface. Finally, methane (CH 4 ) and acetylene (C 2 H 2 ) plasma gases were applied as deposition gases to form the DLC film. Acetylene gas is the basic ingredient of the film, whereas methane is simply the flow medium. The detailed deposition conditions are summarized in Table 2 . The radio frequency (RF) pulse time and the RF power of the equipment were set to 0.5 µs and 500 W. The final thickness of the deposited DLC film was about 2 µm for samples. The maximum temperature near the substrate during deposition was 180ºC, measured using a thermocouple. 
Change in Surface Properties of Substrate After FPB Treatment
We first investigated the change in surface properties of substrate produced by the FPB treatment. The cross-sectional hardness distribution was measured using a micro Vickers hardness tester (MVK-300A2, Akashi Inc.), for which the push-in load was set to 0.1 N. The residual austenite and compressive residual stress distributions were measured using x-ray diffractometers (M03XHF22 and M18XCE, Bruker AXS K.K.) using MoK-α and CrK-α characteristic x-rays, respectively. The residual austenite was evaluated using the intensities of the x-rays diffracted from the α-Fe(200), α-Fe(211), γ-Fe(200), γ-Fe(220), and γ-Fe(311) planes. The compressive residual stress was measured using the x-rays diffracted from the α-Fe(211) plane.
The cross-sectional distributions of hardness, residual austenite, and residual stress are shown in Figure 1 . The hardness of the near-surface region was higher (~830 Hv) than that of the bulk (~590 Hv) due to the formation of an approximately 25-µm thick blast-hardened layer. The volume of residual austenite in this 25-µm region was lower (~13%) than that in bulk (~20%), and the compressive residual stress of the near-surface region was higher (~1 GPa) than that of the bulk (~250 MPa). It was due to the volume expansion that accompanied martensitic transformation caused by the FPB treatment (11, 12) . They show that the FPB treatment hardened the substrate to a depth of about 25 µm. The surface roughness of samples was measured using a scanning laser microscope (VK-8510, Keyence Corp.). The images of the surface profiles shown in Figure 2 clearly show that the FPB-treated substrate surface was rougher than the untreated one. The FPB treatment increased average surface roughness Ra from 0.05 to 0.23 µm. A substrate cross-section was analyzed after FPB treatment using a scanning electron microscope (SEM) with an integrated energy dispersive x-ray (EDX) spectrometer. EDX images obtained for the Si, Cr, and Fe elements are shown in Figure 3 . The Cr and Fe elements came from the SKD substrate. These images show that a large amount of Si remained on the top surface of the substrate after the FPB treatment. The intensity of the Si as determined by EDX analysis revealed that it came from the SiC. Apparently, many SiC particles (3-5 µm in size) were embedded in the top surface of the substrate by the FPB treatment. The treatment increased the weight % of the Si in the substrate surface from 1.2 to 16.3, as determined by EDX analysis. That is, the amount of SiC in the substrate surface after treatment was about 14 times larger than that before treatment. 
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Raman Spectra and Hardness of DLC Films
The Raman spectra of deposited DLC films measured using a laser Raman spectroscope (NRS-2100, JASCO Corp.) are shown in Figure 4 . One is for an untreated sample, and the other is for a treated sample. Both have two Gaussian peaks, one corresponding to the D-band near 1400 cm -1 and one corresponding to the G-band near 1550 cm -1 . As shown in Table 3 , the samples had a similar integration intensity ratio (~2.4) for the D-and G-bands (II D /II G ). These results indicate that the composition of the DLC films was not affected by the properties of the substrates. The hardness of the films was measured using a nano indentation tester (Hysitron Inc.) and evaluated from the load-unload curves using a diamond triangular pyramid indenter. The maximum load was 9.8 mN. The hardness of the film on the treated and untreated substrates was 16 GPa, which indicates that the substrates did not affect the properties of the DLC film. Fig. 4 Raman spectra of DLC films deposited on untreated and FPB-treated substrates 
Film Adhesion after FPB Treatment
To estimate the adhesion force between the DLC film and substrate, a scratch test, which is typically used to examine the adhesion force of thin film, was conducted for each sample. The test involves applying a continuously increasing load in the vertical direction to an indenter that horizontally scratches the sample surface at a constant speed. As the applied load is gradually increased, internal cracks in the film and delamination between the film and substrate develop. We defined the load initiating a local crack or a local delamination as the 'critical load'.
We used an automatic scratch tester (Revetest, CSEM Instruments). The scratch conditions were based on JSMES-010 provided by the Japan Society of Mechanical Engineers. The loading rate was 100 N/min., and the scratch speed was 10 mm/s. A Rockwell-type diamond indenter with a 200-µm-tip radius was used.
The critical loads determined by the scratch test of DLC on the substrate with FPB treatment was 38 N, while that without FPB treatment was 8 N, listed in Table 4 . That for the treated substrate was about five times larger than that for the untreated one. Figure 5 shows microscope photographs of wear tracks in DLC films on an untreated and a treated sample. Delamination in a wide area around the wear track is clearly evident in the photograph of the untreated sample. Previous research has suggested that a low adhesion force produces a large delamination area (14) . On the other hand, virtually no delamination is evident in the photograph of the treated sample. These results of demonstrate the effectiveness of FPB treatment before DLC film deposition. The FPB treatment mainly does three things that improve adhesion; it increases the compressive residual stress of the substrate, increases the ratio of silicon in the substrate surface, and increases the surface roughness of the substrate. We investigated the effect of each factor on adhesion in the next section. 
Effect of Each Factor on Adhesion
Increased Residual Stress of Substrate
To examine the effect of the compressive residual stress of the substrates on adhesion, we prepared six additional JIS-SKD11 steel substrates. The substrates were FPB treated and then hand-polished with emery paper to different depths from the surface: 0, 2, 5, 10, 55, and 100 µm. They were finished by creating a flat surface by hand lapping with a φ3-µm diamond paste. The final surface roughnesses were similar (0.02-0.05 µm). EDX analysis showed that the ratios of silicon on all surfaces were below 1.2 wt%. The residual stresses of these substrates as measured by x-ray spectroscopy were -999, -838, -545, -378, -228, and -221 MPa, respectively. Thus, we obtained six substrates with different residual stresses, almost the same ratio of silicon, and similar surface roughnesses. DLC films were deposited on these substrates under the conditions listed in Table 2 . Figure 6 shows critical load for each DLC film measured using the scratch tester. It shows the relationship between the critical load and the residual stress of the substrate. There is a clear correlation between them: the critical load decreased with the residual stress.
Photographs of the wear tracks in DLC films on the six substrates are shown in Figure 7 . The wear always occurred as interfacial delamination between the film and the substrate. The wear area became smaller as the residual stress increased. These results indicate that an increase in residual stress, that is, an increase in the hardness of the substrate, improves the adhesion properties of DLC films. Since DLC films are generally brittle despite their hardness, they delaminate from the substrate during a scratch test if the substrate hardness is too low because DLC film cannot follow elastic deformation of the substrate (15) (16) (17) .
Therefore, the increased residual stress due to FPB treatment, which results from narrowing the gap between the hardness values of the substrate and film, effectively improves the adhesion properties of the DLC film. 
Increased Ratio of Silicon Particles in Substrate Surface
We prepared substrates with different ratios of silicon embedded in the substrate surface to examine the effect of the ratio. To obtain a substrate sample with a low ratio of embedded silicon, a second processing step was introduced. It also involves FPB treatment with SiC particles but at a comparatively lower bombarding pressure (0.1 MPa) than that used in the preprocessing step. The time for the second FPB treatment was 300 sec. The properties of the sample substrates obtained using first and/or second processing are listed in Table 5 . EDX analysis showed that the ratio of silicon embedded in the substrate surface that received both treatments was about two-thirds lower than that of the one that received only the first treatment. The surface roughnesses were almost the same (0.24-0.27 µm). The residual stress after the second treatment was -848 MPa (vs. -999 MPa after the first one).
The relationship between the critical load and the ratio of embedded silicon is shown in Figure 8 . The critical load was 38 N with only one FPB treatment and 34 N with both. We attribute this difference to the differences in the residual stress and in the ratio of embedded silicon. On the basis of our investigations of the relationship between the residual stress and the critical load described in Section 3.1, the critical load estimated from the increase in residual stress is about 36.8 N if the critical load is assumed to have a linear relationship with the residual stress in the region from -800 to -1,000 MPa. Thus, the difference of '1.2 N' is considered to be a simply the result of the increase in the ratio of embedded silicon. Since carbon is a congener of silicon, it easily chemically adheres to a silicone surface (18) (19) (20) .
Therefore, the embedded silicon functioned as an intermediate layer between the DLC film and substrate improving the adhesion of the film. This is supported by the lack of any visible difference in the effects of wear shown in the photos shown in Fig. 5 Residual stress [MPa] Residual stress Fig. 8 Relationship between critical load and weight % of embedded silicon (n=3)
Increased Substrate Surface Roughness
To examine the effect of surface roughness, we prepared two more samples with different roughnesses. Both received the FPB pretreatment, and one was also thoroughly polished with emery paper after the treatment. As shown in Table 6 , the residual stress for both samples was -999 MPa while the surface roughness and embedded silicon ratio were significantly lower for the sample with additional polishing.
As shown in Figure 9 , the critical load was 38 N for the sample with only FPB treatment and was 15 N for the one with the additional polishing. We attribute this lower critical load to the lower surface roughness and lower silicon ratio. On the basis of our investigation of the relationship between the ratio of embedded silicon and the critical load described in Section 3.2, the critical load considering the increase in the ratio of embedded silicon is 18 N if it is assumed to have a linear relationship with the silicon ratio based on the weight %. Thus, the difference of '20 N' is considered to be simply the result of the difference in surface roughness. Fig. 9 Relationship between critical load and surface roughness (n=3)
Summarizing the discussion, FPB treatment improves DLC adhesion due to three factors -increase of the compressive residual stress of the substrate, increase of the ratio of silicon in the substrate surface, and increase of the surface roughness of the substrate -, and the other factors may be minor because the change of property except the above three things was almost not observed (10) (11) (12) . The treatment contributed to the improvement of adhesion of the subsequently deposited DLC film to substrate from 8 to 38 N. Of them, if each factors were assumed to be independent, the increase in surface roughness contributed to the improvement of '20 N', the increase in residual stress of substrate contributed to that of '7 N', and the increase in ratio of embedded silicon contributed to that of '3 N' if it is assumed to have a linear relationship with the silicon ratio based on the weight %. It showed that increased surface roughness accounted for about 67% of the improvement, that increased residual stress of the substrate accounted for about 23%, and that an increased ratio of embedded silicon accounted for about 10%. Surface roughness effectively improves the adhesion properties for two reasons; the increased adhesion area and the 'anchor effect', in which the fine roughness helps the DLC film to form strong adhesive cores (21) . In addition, as shown by the photo of the treated sample in Figure 5 , wear cracks were observed only in the wear track of the substrate with high surface roughness. Thus, surface roughness is a major factor affecting the adhesion properties and in preventing wear cracks from extending outside the wear track.
Conclusion
We examined the effects of SiC fine particle bombardment on the adhesion of DLC film to a JIS-SKD11 steel substrate to evaluate the effectiveness of this treatment for preprocessing substrates before film deposition. Scratch tests showed that SiC FPB treatment improved the adhesion properties of DLC films. The critical load increased significantly, from 8 to 38 N. This demonstrates that SiC FPB treatment is an effective preprocessing technique. Investigation of the reasons for its effectiveness showed that increased surface roughness accounted for about 67% of the improvement, that increased residual stress of the substrate accounted for about 23%, and that an increased ratio of embedded silicon accounted for about 10%.
